Melanoidins, the final products of the Maillard reaction, are brown nitrogen-containing polymers that are difficult to decompose. They have such a physiologically positive effects as antioxidative activity, including strong scavenging activity against reactive oxygen species. 1) Many studies have been made in various ways on the partial structure of melanoidins. 2) Miura and Gomyo 3) and Gomyo et al. 4) have found the formation of colored compounds in the Maillard reaction between D-xylose and glycine. Our group [5] [6] [7] has reported the identification of novel blue pigments designated Blue-M1 (blue Maillard intermediate-1, Fig. 1 ) and Blue-M2. These blue pigments have a methine proton between two pyrrolopyrrole rings. Blue-M1 and Blue-M2, involving the pyrrolopyrrole structure, were readily changed to a brown polymer. Accordingly, these blue pigments were assumed to be independently generated and polymerized to form melanoidins. We have recently identified novel red pigments 8) from the D-xylose-glycine reaction system which also had the pyrrolopyrrole ring.
We report in this paper the chemical structure and proposed formation mechanism for a novel blue pigment in the D-glucose-glycine reaction system. D-Glucose and glycine were obtained from Kanto Chemicals Co. (Tokyo, Japan), all other chemicals used in this study being of analytical reagent grade. DGlucose was decolorized with activated carbon before being incubated. Water was used after purification by reverse osmosis, using Milli RO 10 Plus and Milli-Q Jr. membranes (Nihon Millipore, Tokyo, Japan) and an ion exchanger.
D-Glucose (0.7 M), glycine (0.3 M), and sodium hydrogen carbonate (0.1 M) were dissolved in 1 liter of aqueous 30% ethanol, and the solution adjusted to pH 8.0 with HCl. The reaction solution was placed in a nitrogen atmosphere and left at 50 C for 4 d in a dark room. These optimum reaction conditions were selected from different reactant and ethanol concentrations, pH values, and incubation times and temperatures in order to obtain the blue pigment.
The blue pigment was isolated in a cold room at 2 C. The ethanol was removed under reduced pressure, and the solution diluted to one liter with water. The pH value was then adjusted to 6.8, and the solution put into a DEAE-Sephadex A-25 column (38 cm Â 2:2 cm i.d., Amersham Pharmacia Biotech, Uppsala, Sweden) which had been equilibrated with water. The non-ionic compounds and unreacted D-glucose were then washed with 600 ml of water and eluted with 300 m1 of 1.0 M NaCl. The resulting blue fractions were adjusted to pH 6.5 with HCl and applied to a Sep-Pak Vac C18 cartridge (35 cc; Waters, Tokyo, Japan). The non-adsorbed fractions were washed with 100 ml of 0.3 M NaCl, and the absorbed blue fractions were eluted with 50% methanol. The methanol was then removed under reduced pressure, and the blue solution was put into a DEAESephadex A-25 column (15 cm Â 1:5 cm i.d.) which had been equilibrated with water. A stepwise gradient of a 0-0.4 M NaCl solution was used for development. The eluted blue fractions (0.4 M) were injected into a SepPak Plus C18 cartridge (Waters) and washed with 0.3 M NaCl. The resulting blue pigments were eluted with 50% methanol, before the main blue pigments were lyophilized and dissolved in water.
The resulting substances, which are designated as Blue-G1, G2, G3, and G4, were purified by HPLC as shown in Fig. 2A . The yield of Blue-G1 was 0.2 mg. HPLC (Waters 515 HPLC pump) was conducted by monitoring at 629 nm with a Waters 996 Photodiode Array detector. Reversed-phase HPLC was done with a linear gradient of an ammonium acetate solution which was adjusted to pH 4.3 with 10 mM acetic acid and y To whom correspondence should be addressed. Fax: +81-44-934-7902; E-mail: fumi@isc.meiji.ac.jp Biosci. Biotechnol. Biochem., 74 (12), [2526] [2527] [2528] 2010 Note acetonitrile to give mobile phases A of 10 mM ammonium acetate at pH 4.3, and B of 50% acetonitrile. The elution gradient was 100% A (2 min)-90% A (15 min)-85%A (50 min) in a Cosmosil 5C 18AR column (250 mm Â 4:6 mm i.d.; Nacalai Tesque) at a flow rate of 0.5 ml/min.
Mass spectra were recorded with a Jeol SX-102 mass spectrometer, with the ionization mode set to FAB(+) and glycerol as the matrix. Time-of-flight mass spectra (TOF-MS) were recorded with a Voyager DE PRO mass spectrometer (Applied Biosystems, Foster City, CA, USA). The ionization mode was set to matrix-assisted laser desorption ionization (MALDI) at an accelerating voltage of 20 kV with 2,5-dihydroxybenzoic acid as a matrix.
13 C-NMR and 1 H-NMR spectra were recorded with a Jeol GSX-500 (500 MHz) instrument, these NMR data being recorded in D 2 O. Sample tubes (3 mm i.d.) were passed through nitrogen and sealed before the spectra were measured.
The MALDI-TOF-MS data measured in the linear mode for Blue-G1, G2, G3, and G4 showed the The long-range coupled quaternary carbons could be assigned by the 1 H-detected long range 1 H-13 C COSY (HMBC) spectral data. The HMBC spectrum for Blue-G1 gave cross peaks with carbon-proton long-range coupling within two of three bonds. Figure 2B In order to verify the structure, we measured the MALDI-TOF-MS data in the PSD mode (MS/MS) for a parent ion (m=z ¼ 663) of Blue-G1. The arbitrary symbols in Fig. 2B show the fragment ions of Blue-G1.
MS/MS (MALDI): 617 (fragment a,
The mass spectral data support the structure of a methine bridge between two pyrrolopyrrole rings. Blue-G1 had two symmetrical pyrrolopyrrole structures with a trihydroxybutyl group presumed to be derived from 3-deoxyglucosone. The C/N value of Blue-G1 was 7.25 and that of melanoidins prepared from glucose and glycine was 7.64.
9) The respective molecular masses of the other blue pigments, Blue-G2, G3, and G4, were 661, 661, and 603 by MALDI-TOF-MS. These isolated blue compounds readily changed to a brown polymer, indicating that they were are precursors of melanoidins. Blue Pigment from a Glucose-Glycine Reaction System Figure 3 shows the proposed formation pathway for Blue-G1. 3-Deoxyglucosone generated by the Maillard reaction of D-glucose and glycine reacted with glycine to generate part of the pyrrolopyrrole structure. Another part of this structure ( Fig. 3 ; highlighted by the gray box) was generated from glycine and the C5 unit by the cleavage of D-glucose. Blue-G1 was generated by the decarboxylation of two molecules of the pyrrolopyrrole aldehyde. To confirm the proposed mechanism, we studied an addition experiment of D-xylose (0.02 M and 0.03 M) to the D-glucose (0.7 M)-glycine (0.3 M) reaction system. The results revealed that the amount of Blue-G1 was increased to 6.6 and 8.2 by the respective addition of D-xylose. C5 unit compounds have been reported to be generated from hexose by the Maillard reaction. 10) Compared to such a pentose as D-xylose, D-glucose is likely to yield only a small amount of C5 unit compounds. Indeed, the molar concentration of Blue-G1 was much smaller (approximately 1/50) than that of Blue-M1 in the D-xylose-glycine reaction system. These results support the notion that the C5 unit compound participated in the formation of the pyrrolopyrrole structure.
We identified in this study the major blue pigments as intermediate compounds of melanoidins in a D-glucoserelated Maillard reaction. These findings might be useful in elucidating the melanoidin structure and formation pathway. Our results should help in efforts to construct the pathway for the Maillard reaction leading to color development in heated foodstuffs. 
